Freeze-substitution and more conventional embedding protocols were evaluated for their accurate preservation of eubacterial ultrastructure. Radioisotopes were specifically incorporated into the RNA, DNA, peptidoglycan, and lipopolysaccharide of two isogenic derivatives of Escherichia coli K-12 as representative gram-negative eubacteria and into the RNA and peptidoglycan of Bacillus subtilis strains 168 and W23 as representative gram-positive eubacteria. Radiolabeled bacteria were processed for electron microscopy by conventional methods with glutaraldehyde fixation, osmium tetroxide postfixation, dehydration in either a graded acetone or ethanol series, and infiltration in either Spurr or Epon 812 resin. A second set of cells were simultaneously freeze-substituted by plunge-freezing in liquid propane, substituting in anhydrous acetone containing 2% (wt/vol) osmium tetroxide, and 2% (wt/vol) uranyl acetate, and infiltrating in Epon 812. Extraction of radiolabeled cell components was monitored by liquid scintillation counting at all stages of processing to indicate retention of cell labels. Electron microscopy was also used to visually confirm ultrastructural integrity. Radiolabeled nucleic acids and wail components were extracted by both methods. In conventionally embedded specimens, dehydration was particularly damaging, with ethanol-dehydrated cells losing significantly more radiolabeled material during dehydration and subsequent infiltration than acetonetreated cells. For freeze-substituted specimens, postsubstitution washes in acetone were the most deleterious step for gram-negative cells, while infiltration was more damaging for gram-positive cells. Autoradiographs of specimens collected during freeze-substitution were scanned with an optical densitometer to provide an indication of freezing damage; the majority of label lost from freeze-substituted cells was a result of poor freezing to approximately one-half of the cell population, thus accounting for the relatively high levels of radiolabel detected in the processing fluids. These experiments revealed that gram-positive and gram-negative cells respond differently to freezing; these differences are discussed with reference to wall structure. It was apparent that the cells frozen first (i.e., the first to contact the cryogen) retained the highest percentage of all radioisotopes, and the highest level of cellular infrastructure, indicative of better preservation. The preservation of these select cells was far superior to that obtained by more conventional techniques.
Although freeze-substitution yields images which are strikingly different from those obtained by more conventional techniques and which have profoundly affected current views of bacterial ultrastructure and the native distribution of cellular constituents (11) , freeze-substitution has been used only infrequently in the study of procaryotic structure. Several factors are responsible for the limited use of freeze-substitution. The technique requires expertise in ultrarapid freezing, the necessary equipment is frequently expensive, and more importantly, there is no easy way to determine how well the cells have been preserved. Our study uses a relatively inexpensive, laboratory-built freezing apparatus which relies on rapid immersion (greater than 5 m/s) of the specimen into -196°C liquid propane (freeze-plunging). Selective incorporation of isotopes into distinct structures of Escherichia coli and Bacillus subtilis, as representative gram-negative and -positive eubacteria, respectively, has made it possible to monitor both freezing damage and retention of cellular constituents during all steps of the freeze-substitution protocol. At the same time, it has allowed freeze-substitution to be compared with a more conventional embedding regimen.
Systematic investigation of the effects of processing protocols on samples for electron microscopy has been limited.
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Investigations into the conventional processing of mammalian (5, 6) and plant (4) tissues have shown that the type of fixative, dehydrating agent, and resin as well as the duration of incubation in each affects the degree of extraction of cellular constituents. Variations in fixation regimens have also been reported to dramatically alter the appearance of procaryotes (1, 7, 15) . The most exhaustive study to date relied on extraction of lipids from Acholeplasma laidlawii, an atypical bacterium that lacks a cell wall. The results of experiments evaluating the degrading effects of routine embedding (18) , low-temperature embedding (17) , and freeze-substitution (19) suggest that at least with this bacterium, rapid freezing and substitution is the best method of preservation.
Our study represents the first attempt to examine retention of both wall and cytoplasmic components from gram-positive and gram-negative eubacteria during simultaneous processing for freeze-substitution and conventional embedding. In an accompanying manuscript (8) , we show that although several fixatives may be used for the freeze-substitution process, osmium tetroxide and uranyl acetate in anhydrous acetone yield superior results as measured both visually by electron microscopy and by radiolabeling.
(A portion of these data was presented previously [L. L. Graham (8) . The time elapsed between spreading on the membrane and transfer of plunge-frozen cells to substitution medium rarely exceeded 2 min. Vials were sealed and substituted at -80°C for 72 h undisturbed (substitution step). Vials were then removed, allowed to come to room temperature, and washed six times for 15 min each in fresh anhydrous acetone to remove excess fixative (acetone wash step). Samples were infiltrated overnight at room temperature in an acetone-Epon 812 mixture (1:1) (infiltration step), embedded in fresh Epon, and polymerized at 60°C for 36 h. Collection of samples and solvents for liquid scintillation counting. During conventional embedding, triplicate sample blocks were collected after glutaraldehyde fixation, after osmium fixation (wash step 5), after the second wash in 100% propylene oxide, and after overnight plastic infiltration. From initial experiments, it was determined that label detection was negligible in both glutaraldehyde and osmium tetroxide fixation solutions and their subsequent washes. Therefore, these solutions were not collected or analyzed in the data presented here. All dehydrating solutions, propylene oxide washes, and infiltrating resins were retained for analysis.
For freeze-substitution, triplicate sample wedges were collected immediately before and after plunge-freezing, after substitution (but prior to washes in anhydrous acetone), and after overnight infiltration in the acetone-Epon 812 mixture. In addition, all substitution fluids, all acetone washes, and all infiltration resins were retained for analysis. Samples from conventional and freeze-substituted preparations were dissolved in 0.5 ml of Protosol (New England Nuclear Corp.) for solubilization prior to the addition of 10 ml of scintillation cocktail (toluene in the presence of Omnifluor; New England Nuclear). In the case of aqueous solvents, Scintverse (Fisher Scientific) was substituted for the toluene-based cocktail. Counting was performed on a Beckman LS-3150T liquid scintillation counter. After correction for quenching, all data are presented as the percent counts per minute (cpm) detected in samples or washes and represent the mean of three independent experiments.
Autoradiography. To monitor the extent of freezing damage, freeze-substitution wedges were collected prior to and after plunge-freezing, after substitution, and after infiltration; all wedges were mounted on clean glass slides. Slides were covered with Saran Wrap, which inhibits penetration of soft 1-emitters such as 3H but not moderate 13-emitters such as 14C. Autoradiographic film (Hyperfilm-3H; Amersham) was placed directly against samples, and a second glass slide was placed over the film and clamped in place to ensure constant contact between the samples and the autoradiographic emulsion. The film was exposed for 18 h at room temperature and developed as directed by the supplier.
Optical densitometry. (i) Freeze-substitution wedges. A Joyce-Lobel 3CS optical densitometer (Joyce-Lobel Ltd., Gateshead, England), set at a track width of 40 ,um, was used to scan autoradiograms and produce tracings of grain density.
(ii) Cell wall profiles. High-magnification negatives of bacterial cell walls were produced on high-grain-density, orthochromatic Graphic Arts film (Du Pont) from images originally obtained by electron microscopy. These negatives were also scanned perpendicular to the cell wall cross section to yield a profile of bacterial cell walls.
Electron microscopy. Bacteria prepared by the conventional embedding and freeze-substitution protocols were thin-sectioned on a Reichert-Jung Ultracut E ultramicrotome and mounted on Formvar carbon-coated copper grids. To improve contrast, some sections were poststained in 2% (wt/vol) aqueous uranyl acetate followed by lead citrate (14 A total of five different dual-labeling combinations were used for examination of radiolabel retention. E. coli SFK11 was labeled in either the LPS and DNA fractions or the peptidoglycan and RNA fractions, strain W7 was labeled in the peptidoglycan and RNA fractions, and B. subtilis strains 168 and W23 were both labeled in their peptidoglycan and RNA fractions. Unfortunately, we were unable to use celluloseester membranes (as used for freeze-substituted samples) for the conventional embedding because the membrane disintegrated during processing or the entire cell-agar layer detached from the membrane. In both cases, the residual agar-bacteria material was very fragile and difficult to keep intact during subsequent processing stages. Table 1 lists the total percent cpm detected in processing fluids when bacteria were treated by conventional means with acetone or ethanol as the dehydrating agent. Generally, higher levels of radiolabel were leached from cells when dehydration was performed in ethanol (P < 0.002). The use of acetone, however, resulted in a greater amount of soluble peptidoglycan from B. subtilis 168 and W23, yet extraction of the RNA label from these cells was greater in ethanoltreated cells.
Each of the three stages of conventional preparation subsequent to fixation and postfixation was associated with cell damage (Fig. 1) steps to enhance infiltration of resins, it is possible to proceed directly from dehydration to infiltration when acetone is used as a dehydrating agent (9) . This is an especially attractive alternative since we show that acetone is generally less deleterious for dehydration of eubacteria. Detection of radiolabels was variable for the two resins; no correlation between degree of extraction, label combination, and resin was apparent.
Radiolabel detection in cells prepared for freeze-substitution. Table 2 infiltration) were used to construct autoradiograms. The developed autoradiograms were then scanned by an optical densitometer along a linear track from the initial freezing edge (the wedge shape allows orientation of the sample so that the point is the first sample surface to contact the cryogen) to the final edge (the back of the wedge enters the cryogen last). Since peak height is correlated with grain density, greater grain density in the autoradiogram implies greater radiolabel retention in the sample. The first edge to contact the cryogen should undergo the fastest freezing and have minimal freezing damage. The point of the sample wedge which contacts the cryogen first should therefore have minimal freezing damage. Consequently, cells at this location should retain most or all of their label, and the resulting autoradiogram should express the greatest grain density in this region. If the rate of freezing deteriorates towards the rear of the sample, allowing ice crystal formation and growth, denaturation of macromolecular structure and subsequent cell lysis will result. This will be reflected in decreasing grain density of the autoradiogram.
From the shapes of the tracings, it became apparent that gram-positive and gram-negative cells were behaving differently during processing. When scanned from leading to final freezing edge, grain density was relatively consistent across autoradiograms of B. subtilis cells taken before and after freezing and after substitution (Fig. 2) . Corresponding tracings of the gram-negative cells, however, showed a peak at the leading edge, which gradually decreased towards the final freezing edge (Fig. 2) Fig. 3, 5, 7 , and 9. A multilayered wall showing the cytoplasmic membrane, "periplasmic gel" (12) , and asymmetrically staining outer membrane was very apparent in freezesubstituted E. coli cells (Fig. 5) . Infrastructure within the gram-positive wall (Fig. 9) was also visible in the form of a dense fibrous "inner wall" and a more loosely fibrous "outer wall" extending beyond the inner wall. This fibrous layer was not observed in conventionally prepared cells (Fig. 7) , nor was the electron-dense periplasmic gel of E. coli cells (Fig. 3) . These layers become very apparent when electron density was measured by optical densitometry. Figures Fig. 9 . Labels are as in Fig. 8 . Note the extent of the cell wall.
. Fig. 2 .
Radiolabel leaching data ( Of the four processing stages in freeze-substitution (freezing, substitution, acetone washing, and infiltration), the greatest leaching was detected during the acetone washes. Since the first rinse in acetone consistently contained more label than subsequent processing fluids, this suggests that the loss was from cells damaged during the initial freezing.
The remaining well-frozen cells were adequately stabilized and therefore relatively resistant to leaching. The thick, rigid wall of the gram-positive cell is better able to withstand destructive ice crystal formation and therefore remains intact during processing. We also suggest that the grampositive cell membrane is damaged during freezing, but, as in the Gram reaction (2) , the thick fibrous cell wall retains cytoplasmic and wall components until a viscous component (such as the infiltration resin) remobilizes them and carries them out of the cell. A significant loss of peptidoglycan from B. subtilis cells at this stage of processing was noted both in leaching experiments and by autoradiographic analyses of sample wedges.
Although the ultimate selection of sample preparation technique depends on several criteria, including the sample itself and the nature of the information desired, we believe that freeze-substitution is a good alternative to conventional embedding methods for routine processing of eubacteria.
The plunging system is simple, it can be relatively inexpensive, the entire freeze-substitution process requires less "hands-on" time, and the bacteria are well preserved at the freezing edge. Provided that freezing artifacts are recognized, the user will obtain accurate ultrastructural information. In the accompanying manuscript (8), we explore the freeze-substitution protocol more fully and suggest optimal fixation regimens for routine processing and for microanalytical studies.
